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SUMMARY

Background

Current naval propulsion plants are powered by variations
of the Rankine cycle (steam) or the open gas turbine cycle (air
and combustion products), plus some diesel engines in small ships.
Alternative power systems suggested include the closed gas
turbine cycle and cycles involving dissociation of the working
fluid in either a Rankine or a gas cycle. These latter two are
believed to offer the potential of substantial improvement in the
power-to-weight ratio of the propulsion plant. The studies
conducted considered basic problems in convective heat transfer
and flow friction that are important in all of the above.

Convective heat transfer provides the dominant thermal
resistance in several components of conventional steam power
plants, as well as in all heat transfer components in gaseous
cycles. For example, the overall thermal resistance from the
condensing steam to the cooling water in the main condenser of a
naval ship is dominated by the convective thermal resistance of
the cooling water inside the tubes [Marto and Nunn, 1980]. One
can expect significant reductions in tube length and, therefore,
size and weight of the condenser and overall plant if the

convective heat transfer coefficient of the cooling water side

is increased appreciably. Likewise in the superheater of a
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‘ conventional naval steam generator, calculations for typical o
~ conditions show that the dominant resistance is the forced &E~
§ convection on the outside of the tubes and, of the two modes, ﬁﬁ*;
convection is more important than radiation [Harrington, 1971]. ?
"- The flow in this case is complicated since the Reynolds number is -_-_lj.
relatively low and--due to the large temperature difference--the ;}ﬁ:
gas properties vary through the boundary layer by a factor of PR
two. Again, improvement in this convective heat transfer and EE%
its prediction can provide reductions in size and weight of the ;ﬁﬁ:
- unit.
The convective heat transfer coefficient can be improved liﬁ
31 by disrupting the smooth surface by adding various roughness E?:f
X elements which cause increased mixing in the viscous layer (so- ;;;
'I called laminar sublayer and buffer layer) [Bergles, 1978]. It ?:;
has also been suggested that vigorous mixing, induced by .ESE
artificially roughened surfaces, can also combat fouling in sea iﬁg
. water flows through marine condensers. In the case of a gas, . _
dissociation leads to higher heat transfer coefficients. Since Eiiz
the optimization of dissociating gas power plants depends on the ;'}
- recombination of the fluid in a regenerative heat exchanger or a E;q
cooler, roughening the surface has also been suggested as a means }
b of improving the recombination rate, as well as enhancing the ?
&— reduced heat transfer coefficients.
. In order to assess the benefits of roughness elements on
- the inside of condenser tubes or outside of superheater tubes or

:"I
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other components, in inhibiting fouling and in enhancing recombi-
nation in dissociated gases, it is necessary to develop reliable
prediction methods for computing the flow field, heat and mass
transfer rates and chemical reaction rates to compare proposed
rough surfaces to smooth surfaces.

The advantages of adding a low molecular weight gas to
one of high molecular weight, to provide a gas mixture with low
Prandt]l number, in a closed gas turbine (Brayton) cycle can ﬁ?é;
include potential optimization of the heat exchange equipment and {54
turbo-machinery, improvement of heat transfer properties, reduc- é%i
tion of impurities and elimination of combustion products which
can contaminate blades and surfaces. But it is also of interest o
to note that the University of Dayton Research Institute is »
develop-ing a Rankine cycle engine utilizing the mixing of a gas

of light molecular weight with a heavy £fluid [Mech. Eng., Dec.

1979] in order to improve efficiency and increase operating life.
In a study of potential working fluids for power cycles,
McKisson [1954] pointed out the advantages of utilizing the
endothermic nature of some dissociation reactions to increase
the energy absorbing capacity of the fluid. Pressler [1966] and
Callaghan and Mason [1964] and others have shown in early
measurements that the convective heat transfer coefficient may be
improved as well. For use in a power cycle the dissociated fluid
must recombine in another component, typically in a regenerative

heat exchanger, cooler or condenser. Thus heat transfer with
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both dissociation and recombining fluids is of importance. Our
Professor Perkins [Serksnis et al., 1978] has noted the benefits
of using the dissociating fluid in the turbine. Bazhin et al.,
[1970] have examined gas and gas-liquid cycles using dissociating
working media to determine the effect of parameters on power
plant efficiency, particularly for fast nuclear reactors; N,04/
Al

Cl5 and Al, Br received primary interest.

2 6

Haynes [1970] reports the following advantages of

dissociating power cycles:

l. Compared to steam turbines, the N204 cycle requires
4 to 5 times less metal investment,

2. At 520-540°C and 130-170 atmospheres, the efficiency
of the N204 cycle is greater than similar cycles of
COZ’ HZO, He and others, and

3. Analyses carried out show the possibility of a
substantial improvement (by 20-30%) in the
technical-economic indices of fast gas cooled
reactors using N204 compared with atomic

electric stations using sodium.

The potential benefits for ship propulsion are obvious., However,
with the emphasis to date concentrating on improved efficiency,
it is now necessary to examine the thermodynamic cycles to deduce

the ranges of operating parameters which lead to optimization of

the power-to-weight ratio in naval ships.
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A common geometry recurring in compact naval propulsion
plants is a change in duct size in the primary fluid loop. As a
consequence of the upstream plumbing, the fluid is often swirling
about the axis in the piping. Heat losses from the primary fluid
and thermal stresses in the component depend on the convective
heat transfer from the fluid to the component as it undergoes
this geometrical transition., The idealized problem is a study ;5;1
of heat transfer in a sudden expansion with swirl flow. The e

numerical analyses employed in examining the detailed flow about

roughness elements have features in common with this problem, so

it has also been studied as an extension of previous work.

Heat Transfer to Mixtures of Gases

In addition to other applications, mixtures of inert

gases can be used to improve performance in closed gas turbine ng

]
o

cycles. 1In our early work, heat transfer and wall friction VT
]

parameters were obtained numerically to demonstrate the effects ‘-El
of mixture composition and gas property variation for heating or jfﬂ

cooling in regenerative heat exchangers of such cycles; the k;f?
situation was modeled by laminar flow through short ducts with ifl]
constant wall heat flux [McEligot, Taylor and Durst, 1977].

For design predictions accounting for the effect of property ‘}fﬂ

variation, it was found that the property ratioc method is better
than the film temperature method for heat transfer, while the

latter method is preferrable for apparent wall friction--with

S TN,
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Numerical predictions for turbulent flow in circular

-y ®

tubes at low heating rates showed that accepted empirical
correlations might overpredict heat transfer coefficients
significantly for helium-xenon mixtures. However, the numer-
ical predictions themselves were found to be strongly dependent
Do on the choice among turbulence models which have been hypothe-~
. ) sized by various authors.
I;; For comparison to the predictions and correlations,
measurements of heat transfer and pressure drop were obtained in
= a smooth, electrically heated, vertical circular tube with air,
.‘ helium, a helium—-argon mixture and a hydrogen-carbon dioxide
mixture with molecular weights ranging from 14.5 to 29.7 for

temperatures from about 75° to 1040° F and Reynolds numbers of

' e W W e A
Teow

8000 to 125,000 [McEligot, Pickett and Taylor, 1976; Serksnis,
Taylor and McEligot, 1978; Pickett, Taylor and McEligot, 1579].
The Prandtl number was varied from 0.34 to 0.7 by varying the
mixture composition. Popular existing experimental correlations,
developed using gases with Prandtl numbers of the order of 0.7,
were found to overpredict the observed Nusselt numbers, thereby
confirming our earlier numerical predictions. By comparison of
numerical calculations and measured constant property Nusselt
numbers, turbulent Prandtl numbers were determined in the wall

region. For the range of Prandtl numbers examined it was found

.
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. that Prt,wall = 1.0 + 0.1. The validity of using these deduced
turbulent Prandtl numbers was also confirmed for conditions where
;- the properties vary significantly.

In order to conduct measurements at lower Prandtl
numbers, the apparatus was modified to a closed loop configu-
ration to contain expensive mixtures of xenon with helium or
hydrogen. Initial experiments using a commercial gas booster
pump for circulating the gas showed'a substantial reduction of
mean heat transfer parameters when the pulsations were superposed

é; on the main flow. By adding plenum chambers and more pressure
regulators, the percent oscillation was reduced to near steady
flow. Experiments in the modified apparatus extended the Prandtl
number range down to 0.16 with a hydrogen-xenon mixture.

At a Prandtl number of about 0.2, the predictions of
accepted correlations for heat transfer in fully established tube
flow differ by a factor more than two. By mixing helium with
xenon, or hydrogen with xenon, the range 0.16 2 Pr 2 0.7 can be
obtained. Measurements with these mixtures in a vertical tube
showed that the Colburn analogy and Dittus-Boelter correlation
substantially overpredict the Nusselt number for constant
property conditions; best agreement was provided by relations
suggested by Petukhov and by Kays, as in Figure 1 [Taylor,

Bauer and McEligot, 1984, 1985]). For moderate variation of gas
;f properties (1 2 Tw/Tb 2 2.2) the correlation for average friction

factor by Taylor was verified; the exponent on the Prandtl number

e,
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in his equation for heat transfer was modified to 0.65 to accom-
modate these new data.

Heat Transfer to Pulsating. Turbulent Gas

Flow [Park, Taylor and McEligot, 1982a,b]

Heat transfer to pulsating flow occurs frequently in
practice; one example is in flow systems with reciprocating
compressors. However, recent theoretical and experimental
investigations of heat transfer to fluids in pulsating flow
have led to numerous contradictions.

The major objective of the experiment was to investigate
the effects of flow pulsations on heat transfer in the thermal
entry region for turbulent gas flow at a moderate Reynolds number
in a circular tube. Local heat transfer measurements for pulsa-
ting flows were compared to those with steady flow at the same
conditions in a smooth, electrically heated, vertical tube.
Pulsations were generated by a reciprocating gas compressor
which was located upstream of the measuring test section.

Mass flow rates were calculated from measurements with
positive displacement meters at the exit of the flow section
after cooling and throttling. Simultaneous recordings of
pressure and pressure drop were obtained at locations between
the test section and the reciprocating pump to measure the
wave form of the pulsation. The accuracy of the data was

confirmed by tests in turbulent flow without pulsations, but
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this study concentrated on direct comparisons between the two
,. situations.
v Inlet Reynolds numbers varied from 19,000 to 102,000;
o Mach numbers were 0.15 or below; pulsation frequencies ranged
” from 2.1 to 3.6 Hz and the peak-to-peak pressure fluctuations
} varied from 9 to 29 percent of the mean pressure. At these
< conditions the nondimensional frequency o = /2T£/V, varied
from about 4 to 7-1/2; in laminar flow, quasi-~-steady approxima-
tions become weak when this frequency becomes greater than about
ﬁ two, but for turbulent heat transfer in this Reynolds number
range the limitations are still to be determined.
Direct comparison showed all pulsating data to agree
- with the corresponding values for steady flow within 7-1/2
. percent. For Re '>b 5 x lO4 the pulsating measurements essen-
ii tially confirmed quasi-steady analyses, which predict a slight
reduction in heat transfer parameters, within the reproduc-
. ibility of the experiment. At lower Reynolds numbers the
reduction was larger and increased as @ was increased.
~ Dissociating Gas Power Cycles
Power cycles using gases which dissociate at relatively
- low temperatures, such as N204, have been recommended for large
- central station power plants [Krasin, 1970]. The main advantages
have been mentioned in the preceding summary. To date most
o interest has concentrated on prediction of the thermal efficiency
. of the plant. We considered application to shipboard power
% 10
N
L s



Compared with predictions for air as the working fluid, the

N
ve -
;= )

S plants and examined effects on the power-to-weight ratio of a F
) potential plant [Postan, 1982]. The objective of these studies gﬁ
IEZ was to determine the approximate operating parameters of a igg
. - naval propulsion plant using the cycle, so that basic research é
- on convective heat transfer to dissociating/recombining gases E?i
o could be directed towards the appropriate ranges. .if
B Thermodynamic data for the chemically-reacting nitrogen -g'
tetroxide system in chemical equilibrium were fitted to simple &i

- relations. These relations were used to provide approximate :;é

L © estimates of the power-to-weight ratio, network output per unit
;}. mass of fluid flowing and thermal efficiency of a gas power plant ;;i
E.A using an idealized representation of b1204 as the working medium. fé;
"

results indicated larger power-to-weight ratios and larger

specific net work for pressure ratios from 0 to 60 and turbine

. inlet temperatures from 850 to 1200K. Preliminary predictions
- showed the weight of components could be reduced to the order Eal
%' of one-half to one-third by using dissociating N,0,. ;é?
s

- Heat Transfer at a Smooth-to-Rough Iransition ~i~:-_

) Convective heat transfer in turbulent flow can be FZS

; i- enhanced by disrupting the viscous sublayer to cause increased Eiﬁ
X turbulent mixing in the boundary layer. The viscous sublayer Eg?
; disruption can be accomplished by surface roughness element of ﬁéﬁ
' i; various geometries and patterns. Although past =xperiments have iE;
3
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shown that rectangular rib elements can enhance heat transfer
parameters by a factor of two or three, there are currently no
suitable means of predicting such enhancement without experi-
mentation. Further, the effects of property variation coupled
with the roughness elements are not well known.

For a number of applications enhancement is only neces-
sary locally along the flow channel; therefore, the experiment
examined the transition from a smooth, heated surface to a
rough one [McCullough, 1985]. A rough surface of transverse
rectanqular ribs was studied. Air passed through a rectangular
duct with an aspect ratio greater than 12 and, therefore, was
idealized as two-dimensional flow between flat plates. Flow
was asymmetric since only one plate had roughness elements and
heating. The duct consisted of an adiabatic smooth section of
36s) in length (s = spacing) for flow development, followed by
a heated section of 12s constructed from smooth plate, 1l2s with
roughness elements, and a final 12s of smooth plate. The test
apparatus was designed for optimal rib height, n* iy 20, at a
Reynolds number of 20,000. The apparatus was also built for
a maximum wall-to-inlet temperature ratio of four to examine
effects of air property variation.

Measurements for a Reynolds number range of 10,000 to
20,000 have been conducted. The data were used to evaluate the
local Nusselt number as a function of heating rate and Reynolds

number. These experimental results are compared to numerical
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predictions based on the program of Schade and McEligot [1971], :ﬁ;
which uses a van Driest turbulence model and turbulent Prandtl !!E
number to model the boundary layer in the smooth sections of E;E
the duct, in Figure 2. In the rough section, the van Driest mixing ;Sﬁx
length model is no longer appropriate near the wall, so a mixing !gg(
length model using a roughness Reynolds number, Rey, is used. ;;3
The data clearly indicated an increase in Nusselt number 5;;5
resulting from the roughness elements, as expected. Temperature 'EE;
prof iles along the test surface showed a reduction in the rate of E;?
temperature increase or, for the higher Reynolds number runs, a gﬁi
decline in temperature through the rough section. This obser- ;3:
vation demonstrates an improved heat transfer coefficient in the §§:
rough area over the smooth area. The effect was more pronounced iﬁi
at the upper end of the Reynolds number range. 1In the vicinity o
of the smooth-to-rough transition, augmentation of heat transfer ﬁﬁg
parameters was moderated by streamwise conduction in the test ; ii
plate. lf;
Numerical Prediction of Flow and Heat Transfer RN
from Ribbed Surfaces [Faas and McEligot, 1980] "
\
Currently, development of optimal rough surfaces for a :iiﬂ
given application is a time-consuming process requiring exten- Eii'
sive experiments. In order to reduce the number of experiments Ri
required, we developed numerical prediction methods by extending &ﬁ;
an existing program for two-dimensional recirculating flows, ég%
"TEACH" [Gosman and Ideriah, 1976]. _;32
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' Short [1978] modified the "TEACH" program to treat flow
\ around a rectangular rib with periodic boundary conditions

E; consistent with the spatially periodic disturbance of the flow
- by the ribs., His preliminary study was confined to laminar flow

but considered dimensions of the same order as would be appro-
priate for turbulent flow to test scaling difficulties.

Since applications to practical power cycles will likely
require materials such as stainless steel--which has a low
thermal conductivity--and the flow conditions plus roughness
geometry will be chosen for improved convective heat transfer,
A the thermal resistance in the solid wall may approach that
of fluid. Consequently, the general problem is one of coupled
convection and conduction. To accommodate both resistances,
Short extended the numerical method to solve the energy equation
in both the fluid and the wall, simultaneously.

Short's flow results appear good and his thermal results
show the correct trends. The locations of the maximum and mini-
mum wall temperatures, as well as the maximum and minimum heat
transfer coefficients, are reasonable and agree with published
data and calculations.

Faas [1979]) extended the study of Short; two geometries

were treated: £f£low in a corrugated duct, as for a plate-fin heat

exchanger, and flow over surfaces with repeated ribs to improve
heat transfer to gases, 1Initial attempts to impose the boundary

conditions by a version of a generalized Newton-Raphson method

.
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were unsuccessful, but a more direct iterative technique,
referred to as the "internal plane method," worked well.
Essentially, the numerical grid covers two unit cells and trial
boundary conditions are held constant until the iterative solu-
tion approaches convergence. The solution at an internal plane,
which is either identical to the boundaries or an image plane,
is then applied as the next estimate of the boundary values and
the procedure is repeated.

For flow over repeated ribs in a two-dimensional duct,
predictions were made at Re = 400 and Pr = 0.7 including treat-
ment of the thermal conduction problem in the plate. Dimensions
corresponded to the design of our rough wall test section with

air taken as the fluid and stainless steel as the wall material.

Average results were Nu = 8.45 and £ = 0.70 compared to 8.24

and 0.060, respectively, for a smooth wall. Other results are
presented in an earlier annual report [Faas and McEligot, 1980].
%%&E%%ﬁﬂ& ﬂgiéég;%nﬁiﬁx é%gg Swirl Elow

[Habib and McEligot, 1981, 1982]

The problem of improving the heat transfer in circular
ducts is of great importance in the engineering field; its
application is found, for example, in heat exchangers and combus-
tion systems. Two cases in which heat transfer is augmented are
swirling flows and flows downstream of a sudden pipe expansion.

In both cases, separation and swirl cause high shearing rates
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which are associated with 1) high rates of generation of turbu-
lence kinetic energy and 2) increase in the length scales which
lead to a reduction in the rate of dissipation of turbulence

kinetic energy. All these features reduce the viscous sublayer

q through which heat must pass largely by molecular diffusion.
These two cases have been rarely studied numerically. The
combined effect of swirl and abrupt enlargement on heat transier
parameters apparently had not been studied before our investiga-
tion.

“ Our study developed numerical predictions of flow and

heat transfer downstream of a sudden expansion applied to
turbulent swirl flow in a pipe. The calculations were obtained
by the numerical solution of the time-averaged forms of the
continuity, momentum and thermal energy equations together with
transport equations for the kinetic energy of turbulence and its
rate of dissipation. The effect of body forces due to stream-
line curvature on turbulence was taken into consideration by
specifying one of the empirical constants in the dissipation
equation as a function of the flux Richardson number [Bradshaw,
1973].

For the case of a sudden expansion without swirl,
prediction for the experiment of Zemanick and Dougall [1970]
produced satisfactory agreement with measured local Nusselt
numbers. For the swirling case there were no data available

for comparison; however, the measurements of Beltagqui and

17
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MacCullum [1976] for a sudden expansion with swirl, but with-
out heat transfer, were used to obtain confidence in the results
of the flow field calculations.

The calculations encompassed the effects of swirl and
Prandtl number on heat transfer parameters for swirl flow
down-stream of an abrupt pipe expansion, with a constant wall
temperature as the thermal boundary condition. They were made .
for ranges of swirl number from 0.0 to 1.0 and of Prandtl number
of 0.7 (air) to 10 (water). The effects of the swirl number on
the velocity and temperature fields were also determined. The
results predicted that as the swirl number increases, the Nusselt
number will increase near the expansion and the position of its
maximum value will move towards the inlet section. At downstream
locations and low swirl numbers, the Nusselt number appeared to
decrease slightly with an increase in the swirl number. The
results also suggested that increasing the Prandtl number will

increase the local Nusselt number.

Heated, Laminarizing Gas Flows

Measurements of mean velocity and mean temperature fields
and wall parameters for air flowing in a smooth, vertical tube
at low entry Reynolds numbers were obtained for heating with
constant wall heat flux along the heated length [Shehata, 1984].
Two entry Reynolds numbers of approximately 6,000 and 4,000 were
employed with three heating rates, q+'= qw/(ch,iTi)' of 0.0018,

0.0035 and 0.0045 approximately. The flow development was
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q measured by obtaining internal profiles along the heated length k
‘ at axial locations from 3.2 to 24.5 diameters. An adiabatic E$3
E entry of 50 diameters preceded the heated region. The three E%&
' heating rates caused slight, large and severe property varia- ’-f'
< tion of the air. The highest heating rate was found to cause
; significant buoyancy effects. y
‘ The internal measurements were obtained using constant i‘g
?; temperature hot-wire anemometry and resistance thermometry for i
velocity and temperature, respectively, employing a single short
e wire probe. A technique was developed and employed for the A
use of a single short hot wire in velocity measurements in non- ;;E’
isothermal flows. .;g
i The measurements were compared to numerical predictions j’.'
. employing two simple versions of the van Driest mixing length ﬁ;;
. turbulence model, Figure 3. 1In general, both models agreed with Eii}
a the measurements reasonably well, but for the higher heating
| rates neither model was completely satisfactory in predicting the : i
velocity profiles. When the buoyancy parameter reached 0.3, the .
-~ peak velocity occurred in the wall reqgion rather than at the tube w?i

centerline. Typically, the Nusselt number was overpredicted by
10% for x/D > 14 and, consequently, the wall temperature was

underpredicted by about 7%.
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